An innovative control strategy is proposed for enhancing the low voltage ride-through (LVRT) capability of a doubly fed induction generator based on wind energy conversion systems (DFIG-WECS). Within the proposed control method, the current control loops of the rotor side converter (RSC) are developed based on passivity theory. The control scheme for the grid side converter (GSC) is designed based on a two-term approach to keep the DC-link voltage close to a given value. The first term based on the maximal voltage of GSC is introduced in the GSC control loops as a reference reactive current. The second one reflecting the instantaneous unbalanced power flow between the RSC and GSC is also introduced in the GSC control loops as a disturbance considering the instantaneous power of the grid filter to compensate the instantaneous rotor power. The effectiveness of the proposed control strategy is verified via time domain simulation of a 2.0 MW-575 V DFIG-WECS using PSCAD/EMTP. Simulation results show that the control of the DFIG with the proposed approach can improve the LVRT capability better than with the conventional one. Abstract: An innovative control strategy is proposed for enhancing the low voltage ride-through (LVRT) capability of a doubly fed induction generator based on wind energy conversion systems (DFIG-WECS). Within the proposed control method, the current control loops of the rotor side converter (RSC) are developed based on passivity theory. The control scheme for the grid side converter (GSC) is designed based on a two-term approach to keep the DC-link voltage close to a given value. The first term based on the maximal voltage of GSC is introduced in the GSC control loops as a reference reactive current. The second one reflecting the instantaneous unbalanced power flow between the RSC and GSC is also introduced in the GSC control loops as a disturbance considering the instantaneous power of the grid filter to compensate the instantaneous rotor power. The effectiveness of the proposed control strategy is verified via time domain simulation of a 2.0 MW-575 V DFIG-WECS using PSCAD/EMTP. Simulation results show that the control of the DFIG with the proposed approach can improve the LVRT capability better than with the conventional one.
Introduction
The wind industry set a new record for installations in 2014 after a slowdown during the past few years. Globally, 51,473 MW of new wind power installation were added. The global total generation capacity could reach 600 GW by the end of 2018 [1] . Currently, there are 103 countries using wind power on the commercial basis, among which China continues to be the main driver of wind market growth because its total capacity of 114,609 MW reached by the end of 2014. According to the World Wind Energy Association, top markets in the world include China, Germany, Spain and India, in which China passes the 100 GW of wind energy installed mark. With the increasing penetration level of wind energy in power systems, more and more responsibilities must be assumed for the operation of wind farms with respect to the electrical system [2] . In consequence, wind energy conversion systems (WECS) should be kept stable under the various operating conditions of the system when they are connected to the power grid.
The wind turbine technology using doubly fed induction generators based on wind energy conversion systems (DFIG-WECS) is widely used in the current wind energy industry compared with the other types because of its technical and economic advantages [3] [4] [5] . For example, it can absorb need for additional protection devices. The proposed control strategy for RSC is designed by applying the passivity theory based on the non-linear properties of the generator to replace the PI controllers of the current control loop, so that the tracking properties of the mechanical and electrical reference values can be ensured. Therefore, the maximum wind energy is effectively captured; the speed and current of the generator are rapidly and exactly tracked to the desired values. For the GSC control strategy, the estimated rotor output power value is added in the GSC control loops as a feed-forward compensation signal of the active current with consideration of the instantaneous absorbed or delivered power of grid filter impedance during grid faults. The estimated reactive current value which is like a reference value is also introduced in the GSC control loops as a feed-forward signal based on the maximal rated voltage of the GSC.
The main objective of the proposed control strategy is to limit the DC-link voltage fluctuations, reduce the peak values of rotor and stator currents, and continuously supply active and reactive power to the grid during severe grid faults. The effectiveness of the proposed control strategy is verified via the time domain simulation of a 2.0 MW-575 V DFIG-WCES through the various scenarios based on the wind power grid connection codes. Simulation results are evaluated and compared with the conventional control strategy, in which the PI controllers and hardware protection devices are used.
The remainder of the paper is organized as follows: in Section 2, we explain the generator and wind turbine models. The behaviour of the DFIG-WECS under grid fault is presented in Section 3. In Section 4, we present the proposed control strategy. The case study and results are displayed in Section 5. Finally, the conclusions are given in Section 6 and the parameters of the controllers and studied system are listed in the Appendix A1 and Appendix A2.
DFIG-WECS Model

WRIG
The configuration of a grid-connected DFIG-WECS system including a WRIG, WECS, back-to-back pulse width modulated (PWM) converter with a DC-link capacitor, control systems, protection systems, and pitch angle controller is shown in Figure 1 . It is connected to the grid through a coupling transformer. The dynamic equations in the d-q reference frame of the WRIG can be described [21] [22] [23] by the voltages: 
where subscripts s and r denote the stator and rotor quantities, respectively. Subscripts d and q denote the d-and q-axis components, respectively; ω is the speed of the d-q reference frame; R is the resistance, u, i and λ are the voltage, current, and flux, respectively; ω r = pω m is the rotor angular frequency, where ω m is rotor mechanical speed and p is number of pole pairs. The flux linkages:
λ ds " pL ls`Lm qi ds`Lm i dr " L s i ds`Lm i dr λ qs " pL ls`Lm qi qs`Lm i qr " L s i qs`Lm i qr λ dr " pL lr`Lm qi dr`Lm i ds " L r i dr`Lm i ds λ qr " pL lr`Lm qi qr`Lm i qs " L r i qr`Lm i qs (2) where L, L l and L m are self-inductance, leakage inductance, and mutual inductance, respectively. Finally, electromagnetic torque:
where L, Ll and Lm are self-inductance, leakage inductance, and mutual inductance, respectively.
Finally, electromagnetic torque:
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Wind Turbine
A wind turbine is used to convert the wind's kinetic energy into mechanical energy that is then transformed into electric energy by a generator. The generator-turbine system is shown in Figure 1 . The two-mass drive train model, including the gearbox, shafts, and other mechanical components of the wind turbine (WT), is often used to study the dynamic stability of DFIG-WECS. The shaft of generator rotor is connected to the shaft of turbine flexibly via gearbox and coupling [24] . The electromechanical dynamics of the generator-turbine system are presented by the following equations [25] :
where Pm and Tm are the mechanical power and torque of the wind turbine, respectively, Cf is the frictional coefficient, J is the inertia of the generator-turbine system, and ωt is the rotational speed of the turbine.
The mechanical power can be obtained by the following equations [26, 27] : 
where P m and T m are the mechanical power and torque of the wind turbine, respectively, C f is the frictional coefficient, J is the inertia of the generator-turbine system, and ω t is the rotational speed of the turbine. The mechanical power can be obtained by the following equations [26, 27] :
where C p (¨) is the power coefficient, is the blade radius of the turbine, ρ is the air density, β is the pitch angle, V w is the wind speed, λ is the dip speed ratio, and α i,j are factors that can be found in [27] . In order to optimize the extracted power from incoming wind and limit over-power production at high wind speeds, the generator-turbine system is controlled by using the maximum power point tracking (MPPT) model with the pitch angle control scheme that is shown in Figure 2 [19] . When the wind speed is a range between the cut-in wind speed and low limit wind speed, the generator rotor reference speed ω r,re f is set as minimum value ω min r to insure the generator slip that is smaller than 30%. When the wind speed is greater than the low limit wind speed and smaller than the rated wind speed, the generator is operated in the variable speed model. The maximum power is obtained by tracking ω r,re f in the following equation:
where K opt " p1{2qp 2 {λ 3 opt qρπC max p pβ, λq is the optimal constant of turbine; the pitch angle β is kept constant at β opt that is usually equal to zero, while λ is adjusted to λ opt according to different wind speeds by adapting the ω r,re f . When the wind speed increases larger than the rated speed, the ω r,re f is set as the rated value of the generator speed ω rated r . The over-power production is limited by adjusting the pitch angle; consequently, the over-speed of generator is also limited. This paper focuses on the minimum and maximum values of generator speed that are 0.7 p.u. and 1.1 p.u., respectively, taking into account the reliable operation range of generator, based on the inner control loops of RSC. w where Cp(•) is the power coefficient,  is the blade radius of the turbine,  is the air density, β is the pitch angle, Vw is the wind speed, λ is the dip speed ratio, and αi,j are factors that can be found in [27] .
In order to optimize the extracted power from incoming wind and limit over-power production at high wind speeds, the generator-turbine system is controlled by using the maximum power point tracking (MPPT) model with the pitch angle control scheme that is shown in Figure 2 [19] . When the wind speed is a range between the cut-in wind speed and low limit wind speed, the generator rotor reference speed ωr,ref is set as minimum value min r  to insure the generator slip that is smaller than 30%. When the wind speed is greater than the low limit wind speed and smaller than the rated wind speed, the generator is operated in the variable speed model. 
Behavior of the DFIG-WECS under Grid Fault Conditions
A grid fault appears at the point of common coupling (PCC) in the network, the voltage at PCC drops, resulting in the significant over-currents and voltages in the stator and rotor circuits because DC-and AC-components appear. In addition, the bi-directional power flow between the generator and grid via the rotor by a set of power converter becomes unbalanced. As a result, the transient voltage fluctuation in the DC-link can be increase significantly.
To demonstrate the protection schemes and their interaction with the rotor circuit, the rotor equivalent circuit is representative in the general Park's model of induction generator. The stator flux evolution of generator is imposed by the stator voltage equation as [28] : 
To demonstrate the protection schemes and their interaction with the rotor circuit, the rotor equivalent circuit is representative in the general Park's model of induction generator. The stator flux evolution of generator is imposed by the stator voltage equation as [28] : In normal operation, the stator voltage is a rotating vector and rotates at synchronous speed ω s , can be expressed as:
where U s is amplitude of the stator voltage.
Substituting Equation (13) into Equation (10) and neglecting the stator resistance R s , we have:
Applying Equation (14) to Equation (12), the rotor open-circuit voltage is:
where s " pω s´ωr q {ω s is the slip ratio. Considering at time t = t 0 , a symmetrical voltage dip appears in the power network suddenly, the stator voltage is reduced from normal amplitude U 1 to the faulty amplitude U 2 . The stator voltages can be expressed as follows:
The stator fluxes before and after the voltage dip are:
Assuming open-circuit rotor p Ñ i r " 0q and merging Equations (11) and (17), and the term
i r , the stator flux of the machine during the whole grid fault period is expressed as:
Equation (18) can be divided into two terms. The first one is the forced flux, which appears just after the voltage dip. The second one is the natural flux, which consists of a turning term By merging Equation (12) with Equation (18), the dynamic behavior expression of the EMF is described in the rotor reference frame as follows:
Obviously, the first term of Equation (19) corresponds to the remaining stator voltage and slip ratio; its value is small because of proportionality to the slip ratio. The last one is proportional to term (1´s); it depends on the depth of voltage dip and decays exponential function with the stator transient time constant of τ s = L s /R s .
The maximum amplitude of the rotor voltage during grid fault can be obtained as:
If the depth of the voltage dip is small, the voltage caused by the stator flux does not exceed the maximal voltage of RSC; the control of RSC remains. For a larger voltage dip, then the voltage caused by the stator flux exceeds the maximal voltage of RSC, leading into the control of RSC being temporarily lost and the RSC is saturated. In this situation, the fluctuations of the rotor current and the stator flux are high, resulting in the increase of electromagnetic torque fluctuation. On the other hand, as shown from Equation (4), the mechanical torque changes slower than rotor speed and the rotor electrical speed oscillates during the grid voltage dip, leading to a significant fluctuation increase in the rotor voltage.
Proposed Control Strategy for the LVRT Capability of DFIG
Control of RSC
The conventional control strategy of the RSC is illustrated in Figure 3 . The decoupling of reactive power and electromagnetic torque control is performed using the vector control scheme based on the synchronous rotating d-q reference frame with the d-axis oriented along the stator-flux vector position [30] . The PI regulators with cascade control loops are used in the RSC control scheme, in which the outer control loops are for the reactive power and rotor speed regulation, and the inner control loops are for rotor side current regulation.
As analysed in Section 3, the difficulty of the LVRT control of the RSC is the prevention of the transient over-current on the rotor side of the DFIG that is induced by the voltage fluctuation in the DC-link and the transient electromotive force (EMF) of the rotor and stator fluxes. This subsection only focuses on the analyses of a novel control strategy for RSC that has been developed based on the non-linear model of the electric generator to replace the inner control loops. Thereby, the LVRT capability of the DFIG-WECS system can be improved. The control scheme diagram is illustrated in Figure 4 . 
Euler-Lagrange Equation and Passivity Property Euler-Lagrange Equation for Electric Machine
The electric machine can be described as [31] : The Lagrange of the electric machine can be described as [32] : 
The electric machine can be described as [31] :
where ř e , ř m represent electrical and mechanical subsystems, respectively. i r " i dr`j i qr and u r.re f " u dr.re f`uqr.re f are the rotor current and voltage vectors, respectively.
The relationship between input and output of electrical system model is illustrated as shown in Figure 5b . 
The electric machine can be described as [31] : The Lagrange of the electric machine can be described as [32] : The Lagrange of the electric machine can be described as [32] :
where £ e pi r , θq and £ m p .
θq are the Lagrange function of the electrical and mechanical subsystems, respectively. θ " ş ω m dt is the rotor mechanical position. L(θ) is the electromagnetic inertia matrix. 
The electrical subsystem Equation (25) is driven by the input signal M e u r , we have:
which is equivalent to: dλ r dt`R i r " M e u r (27) where M e "
ff is a constant matrix, u r is the control voltage vector, and R "
ff is the resistance matrix, with I 2 "
ff is unit matrix. In addition, dLpθq dt is expressed as:
where
ff is an anti-symmetric matrix.
Remark 2:
Applying the Euler-Lagrange for Equation (24) , the mechanical subsystem is obtained as [31, 33] :
The mechanical subsystem Equation (29) is driven by the input signal (T m´Te ), we have:
Hence, the electromagnetic torque of electric machine can be expressed as follows:
Passivity Property of DFIG Proof 1: The DFIG's property is a passivity system that is the basis to design the inner loops of RSC for DFIG. The DFIG's energy function can be expressed as follows:
where E e and E m are the energy function of electrical and mechanical subsystems. The energy of generator under variable speed is:
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By integrating both sides of Equation (33), the energy balance equation of the DFIG can be obtained as: We can show in Equation (34) that the energy of generator is smaller than the supplied energy from the system, this means that the mapping "
‰ " is the passive relationship with respect to the stored energy total of DFIG. Hence, the DFIG's property is perfectly passivity. This completes the proof.
Design of Inner Control Loop
In order to limit the over-current in the rotor and stator circuits, maintain the DC-link voltage close to a given value, the damping coefficient should be injected into the control loops of RSC. Considering the reference value of rotor voltage (control signal) as follows:
where f p .
θq is the damping coefficient that will be determined in this subsection. Substituting Equations (35) and (28) into Equation (26), we have:
where R f p . θq can be defined as:
based on Equation (28) , the relationship between Lpθq and Cpθ, .
θq can be expressed as follows:
Hence, Equation (36) can be expressed under the other form as follows:
The Equation (39) is an important property that is skew-symmetric, which is basis to design the inner control loop of RSC.
Proof 2:
Injecting the damping coefficient into the control loops of RSC as shown in Equation (35) is to insure that output of system is perfectly passive with respect to the rotor voltage input, that is to say the stability of the created kinetic energy by electrical subsystem is perfectly independent from the kinetic energy created by the mechanical subsystem. 
Multiplying both sides of Equation (36) by i T r and combining Equation (42), we have:
By integrating of Equation (43), we have:
It can be observed from Equation (44), that the electrical subsystem is perfectly passive with the input control signal u r . This completes the proof.
Proof 3:
The electrical passivity system must track the desired electromagnetic torque, that is to say, the desired rotor current is calculated based on the rotor voltage input that it satisfies the conditions of Te " T e and i r.re f " i r .
Lemma 1:
There exists the rotor voltage input and the rotor reference current that they satisfy the rotor voltage function as follows:
where r i r " pi r´ir.re f q is the rotor current error and the superscript "*" denotes the desired value.
Lemma 2: Calculate i r.re f , it must satisfy conditions Te " T e and i r.re f " i r .
Considering the error function as follows: θq¯"
The damping injection term f p . θq must guarantee that matrix R f p . θq p.q is strictly positive; by using the standard matrix results that are presented in [31] , we have:
where γ min t.u and in f t.u are minimum eigenvalue and limit, respectively. Therefore, the following condition has to be satisfied:
where the f p . θq can be chosen as follows:
Hence, Equation (50) changes to be:
θq r i r ď´σˇˇr iˇˇ2 ă 0 @t P r0, t 1 q
Therefore, when injecting the damping coefficient into the system, the closed loop of system is stable Lyapunov's asymptotic at the origin of coordinates. This completes the proof.
Proof 4:
Determine the rotor voltage control signal u r.re f through u r and r i r based on the output signal of the close system i r .
Because the closed loop of system is Lyapunov's asymptotic stability. Equation (54) has unique solution in the time interval r0, t 1 q, such that:ˇˇr i r ptqˇˇď m oˇr i r p0qˇˇe´ρ o t , @t P r0, t 1 q
where m o " a γ max tLpθqu {γ min tLpθqu ą 0 and ρ o " a σ{γ min tLpθqu ą 0 are constants that are independent of time. γ max t.u and γ min t.u are the maximum and minimum eigenvalues, respectively. σ is defined in Equation (51).
From Equations (27) and (31), the desired torque can be obtained as [31] : 
which is equivalent to:
Substituting Equation (60) into Equation (35) and expressing in the d-q reference frame, we have: 
where λd s " L s i ds`Lm i dr.re f , λq s " L s i qs`Lm i qr.re f , ud s "´ω s λq s and uq s " ω s λd s are the desired d and q flux and voltage components of the stator, respectively. This completes the proof.
Control of GSC
The GSC is connected between the DC-link and grid via the grid filter, as shown in Figure 1 . The objective is to maintain the DC-link voltage at a given value and regulate the reactive power flow between the GSC and grid.
The conventional control strategy of GSC is implemented in synchronously rotating d-q reference frame with its d-axis oriented with the grid voltage vector based on the vector control technique, as illustrated in Figure 6 [30] . The PI regulators with cascade control loops are used in the GSC control scheme, in which the outer control loop is for the DC-link voltage regulation and the inner control loops are for grid side current regulation.
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The conventional control strategy of GSC is implemented in synchronously rotating d-q reference frame with its d-axis oriented with the grid voltage vector based on the vector control technique, as illustrated in Figure 6 [30] . The PI regulators with cascade control loops are used in the GSC control scheme, in which the outer control loop is for the DC-link voltage regulation and the inner control loops are for grid side current regulation. Under normal operation conditions, the DC-link voltage is constant because the power flow between the grid and rotor side converters is balanced; this power flow is imbalanced, however, when a voltage dip occurs, so the DC-link voltage may fluctuate. In order to limit the voltage fluctuations in the DC-link, the authors in [18] proposed a control strategy for GSC. However, it ignores the instantaneous absorbed or delivered power in grid side filter. The influences of the interface grid side filter are relatively large with respect to a high power DFIG [20] . This paper proposes a novel control scheme for GSC. The control scheme diagram is illustrated in Figure 7 , where two terms have been considered. Under normal operation conditions, the DC-link voltage is constant because the power flow between the grid and rotor side converters is balanced; this power flow is imbalanced, however, when a voltage dip occurs, so the DC-link voltage may fluctuate. In order to limit the voltage fluctuations in the DC-link, the authors in [18] proposed a control strategy for GSC. However, it ignores the instantaneous absorbed or delivered power in grid side filter. The influences of the interface grid side filter are relatively large with respect to a high power DFIG [20] . This paper proposes a novel control scheme for GSC. The control scheme diagram is illustrated in Figure 7 , where two terms have been considered.
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where R f g and L f g are the resistance and inductance of grid side filter, respectively. u d f , u q f , u dg and u qg are the d and q voltage components of grid filter and grid, respectively. i dg and i qg are the d and q current components of the grid filter, respectively. The dynamic equation of the DC-link can be expressed as [7] :
where U 2 dc is the DC-link voltage that represents the output. P g is the active power at the GSC side that represents the control input. P loss , P rc , and Q g are the loss power in DC-link, active power at the RSC side, and reactive power at the GSC side which represent the disturbance inputs, respectively.
Considering Equation (64), the DC-link voltage oscillates due to the instantaneous absorbed or delivered power in there-phase inductor and the instantaneous imbalance power follow between the RSC and GSC during a grid fault. As shown in Figure 7 , The PI regulator of the outer loop is replaced by a compensator K V (S) that is designed based on an adequately large phase margin under the worst-case operating condition; a more detailed explanation about this design method can be found in [7] . In such a way, the transient performance of the GSC and fluctuation of the DC-link voltage can be improved. Moreover, in order to reduce the voltage fluctuation in the DC-link, the load current feed forward control i RSC is represented as a disturbance to reflect the instantaneous variation of the output power of RSC. The load current can easily be obtained from Equation (65). Thereby, the i dg can be regulated smoothly during a grid fault:
Consideration 2:
The maximal voltage value of GSC When a grid fault is cleared, the voltage in the DC-link increases up to a high value because the grid side voltage exceeds the maximal rated value of the GSC. This value is defined as [7] :
In order to maintain the DC-link voltage at a given value, the active current must be controlled according to its reference. As shown in Equation (63), the i dg is proportional to u q f during normal operation condition, so u q f should be kept unchanged during a grid fault recovery, u d f should be added to:
Therefore, the reference reactive current should be set to:
Case Study and Results
The schematic diagram of the studied system, as shown in Figure 8 
The schematic diagram of the studied system, as shown in Figure 8 The transient behaviours of the studied DFIG-WCES are simulated with two different control strategies to demonstrate and compare the effectiveness of the proposed control strategy through the grid fault scenarios based on the FRT requirements as shown in Figure 9 [2]. The two control strategies are: The transient behaviours of the studied DFIG-WCES are simulated with two different control strategies to demonstrate and compare the effectiveness of the proposed control strategy through the grid fault scenarios based on the FRT requirements as shown in Figure 9 [2]. The two control strategies are: Figure 8 . The single line diagram for the studied system. The transient behaviours of the studied DFIG-WCES are simulated with two different control strategies to demonstrate and compare the effectiveness of the proposed control strategy through the grid fault scenarios based on the FRT requirements as shown in Figure 9 [2]. The two control strategies are: 
LVRT Capability under Symmetrical Fault Scenarios
In this subsection, a three-phase short-circuit fault are simulated to show the ride through symmetrical low voltage fault behaviors of DFIG-WCES. Proposed strategy: The control schematic diagram is analysed in Section 4 and illustrated in Figures 5 and 7 . The parameters are listed in the Appendix A2. The following four scenarios have been considered in order to simulate the LVRT capability of the studied DFIG-WCES with two control strategies.
In this subsection, a three-phase short-circuit fault are simulated to show the ride through symmetrical low voltage fault behaviors of DFIG-WCES. First Scenario: At time t = 20 s, a three-phase short-circuit fault occurs at point A on the transmission line, as shown Figure 8 . During the fault, the voltage at PCC dips to zero with a duration 0.15 s. The DFIG-WCES is operating at wind speed of 8 m/s, this wind speed value corresponds to the hypo-synchronous operation mode of the DFIG. Figure 10 shows the dynamic responses of the investigated system. Once the fault is detected, the stator active power P s = (3/2)(L m /L s )u s i qr is decreased due to the stator voltage dip. As a result, the exchanged active power with the grid is decreased, as identified Figure 10b . The reactive power
is equal to zero, when the stator voltage dip occurs, the reactive power Q s is increased because the component of ((L m /L s )i dr -(u s /ω s /L s )) is increased from zero, so that the exchanged reactive power with the grid (Q gen ) is increased, as shown in Figure 10c . The generator rotor speed is increased because the inertia of the generator-turbine system is very large, as evident in Figure 10d . Figure 10g ,h show, the currents in the rotor and stator circuits are increased because the stator currents appear the DC-components; these currents appear as AC-components in the rotor side. Figure 10e shows that the pitch angle is activated to stabilize the operation of the system. In addition, Figure 10f shows the DC-link voltage rises instantaneously because of the rotor inrush currents injected from the RSC into the DC-link capacitor.
Therefore, by using the proposed control strategy, which has been analyzed in Section 4, the transient responses of the active and reactive power, DC-link voltage, rotor speed, rotor and stator currents, and pitch angle are significantly improved more than with a conventional one during the fault duration. This conclusion is deduced based on the simulation results that are summarized as follows: the acceleration of the rotor speed is fast and its oscillations are attenuated. The exchanged active power into the grid is 0.05 p.u. of 0.44 p.u. and the oscillations are well cleared. The exchanged reactive power decreases back to zero and the oscillations are well cleared. The DC-link voltage does not exceed above the 1.115 p.u., which is less than the activation threshold of the protective DC-chopper. In addition, the stator and rotor currents do not exceed above the 0.98 and 1.11 p.u., respectively, which are less than the activation threshold of the protective crowbar. Second Scenario: In this case, the scenario has been performed the same as first scenario, considering the operating DFIG-WCES at wind speed 13 m/s, this wind value corresponds to the hyper-synchronous operation mode of machine. In this paper, the rated wind speed of the studied DFIG-WCES is 12 m/s, this wind value corresponds to the synchronous operation mode of the machine. Figure 11d,e show that when the wind speed is 13 m/s, which is higher than the rated wind speed, leading to the over-speed of WT, the pitch controller is immediately activated to keep the rotor speed at 1.1 p.u., corresponding to the pitch angle at 6.52 degrees; whereas the pitch angle is equal zero in the case of the low wind speed, as shown Figure 10d . As a result, the transformation of Figure 11d ,e show that when the wind speed is 13 m/s, which is higher than the rated wind speed, leading to the over-speed of WT, the pitch controller is immediately activated to keep the rotor speed at 1.1 p.u., corresponding to the pitch angle at 6.52 degrees; whereas the pitch angle is equal zero in the case of the low wind speed, as shown Figure 10d . As a result, the transformation of the electric energy into the kinetic energy can be limited. Therefore, the DC-link voltage and the rotor speed during the fault are smaller than the first scenario. Figure 11 shows that the LVRT behaviours of the DC-link voltage, the rotor speed, the active and reactive power, stator and rotor currents, and pitch angle by using the proposed control strategy are still observed to be better than with the conventional one. Specifically, the proposed control Figure 11 shows that the LVRT behaviours of the DC-link voltage, the rotor speed, the active and reactive power, stator and rotor currents, and pitch angle by using the proposed control strategy are still observed to be better than with the conventional one. Specifically, the proposed control strategy can intercept the transient DC-link voltage and rotor and stator currents slower than the DC-chopper and crowbar protection threshold; thus, the DFIG-WECS can maintain uninterrupted control of reactive and active power.
LVRT Capability under Asymmetrical Fault Scenarios
As substantiated in Section 5.1, a three-phase short circuit fault is considered as the worst case, though it is symmetrical and not as frequent as other faults. For example, the one-and two-phase short-circuit faults are interesting cases because they occur relatively often and present asymmetry. In this subsection, the one-and two-phase-to-ground short-circuit faults are simulated to show the ride-through asymmetrical low voltage fault behaviors of the studied DFIG-WCES.
Third Scenario: Figure 12a shows a one-phase-to-ground voltage dip simulated for the system, in which the grid voltage in phases A drops to 0.15 p.u at time t = 20 s, with a duration 0.625 s. The DFIG-WCES is operating at a wind speed of 8 m/s, this wind speed value corresponds to the hypo-synchronous operation mode of the DFIG. Figure 12b-d show, that by applying the proposed control strategy, the LVRT capability of the DFIG-WCES can be improved in terms of both the peak values and oscillations damping of transient response. 
Third Scenario: Figure 12a shows a one-phase-to-ground voltage dip simulated for the system, in which the grid voltage in phases A drops to 0.15 p.u at time t = 20 s, with a duration 0.625 s. The DFIG-WCES is operating at a wind speed of 8 m/s, this wind speed value corresponds to the hypo-synchronous operation mode of the DFIG. Figure 12b-d show, that by applying the proposed control strategy, the LVRT capability of the DFIG-WCES can be improved in terms of both the peak values and oscillations damping of transient response. Fourth scenario: Figure 13a shows the system is simulated for a two-phase-to-ground voltage dip, in which the grid voltage in phases A and B drops to 0.15 p.u at time t = 20 s and lasts 0.625 s. The DFIG-WCES is operating at wind speed of 13 m/s. It can be shown in Figure 13b -d, with the proposed control strategy, the DFIG-WCES is operating at high wind speed can remain connected to the grid during a two-phase-to-ground fault with a longer time. In Figure 13d , the rotor speed is increased only slightly because the system inertia is very large. However, the operating speed before the fault is 1.1 p.u. and the maximum generator speed during the fault is 1.135 p.u, so that the generator slips during and after the fault are within the allowable range. In addition, the growth of the generator speed during the grid fault is relatively low. Therefore, The DFIG-WCES does not face Fourth scenario: Figure 13a shows the system is simulated for a two-phase-to-ground voltage dip, in which the grid voltage in phases A and B drops to 0.15 p.u at time t = 20 s and lasts 0.625 s. The DFIG-WCES is operating at wind speed of 13 m/s. It can be shown in Figure 13b -d, with the proposed control strategy, the DFIG-WCES is operating at high wind speed can remain connected to the grid during a two-phase-to-ground fault with a longer time. In Figure 13d , the rotor speed is increased only slightly because the system inertia is very large. However, the operating speed before the fault is 1.1 p.u. and the maximum generator speed during the fault is 1.135 p.u, so that the generator slips during and after the fault are within the allowable range. In addition, the growth of the generator speed during the grid fault is relatively low. Therefore, The DFIG-WCES does not face instability. In summary, Figures 12 and 13 show clearly that the DFIG-WCES can ride through the asymmetrical fault successfully by the proposed method. 
Conclusions
In this paper, a novel and efficient control strategy for both the rotor and grid side converters which makes full use of existing properties within the generator-turbine system without using any extra protective hardware, is proposed to enhance the low voltage ride-through fault (LVRT) capability of the DFIG-WCES. The proposed control strategy and the conventional one that is equipped with protective crowbar and DC-link chopper are examined through the simulation of a 2.0 MW-575 V DFIG-WECS. Based on the obtained results under transient conditions, the amplitudes of oscillation of the active and reactive power, rotor and stator currents, DC-link voltage, etc. are significantly reduced when the proposed control strategy is employed. Furthermore, the oscillations are dampened out faster, and the DFIG-WCES reaches its steady state in a shorter time. Thus, the LVRT capability of DFIG is significantly improved and has enough ability to continue the electricity supply into the network.
